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Segmentation genes in insects are required for
generating the subdivisions of the early embryo.
We describe here a new member of the gap
family of segmentation genes in the flour beetle
Tribolium, mille-pattes (mlpt). mlpt knockdown
leads to transformation of the abdominal seg-
ments into thoracic segments, providing em-
bryos with up to ten pairs of legs. We show
that there are crossregulatory interactions be-
tween mlpt and the known gap genes in Tribo-
lium, suggesting that mlpt is itself a gap gene.
The mlpt gene reveals an unusual structure, as
it encodes a polycistronic mRNA that codes
for four peptides. mlpt appears to be the proto-
type of this previously unknown gene structure
in eukaryotes, as we find homologous genes
with the same polycistronic arrangement in
other insect genomes as well.
INTRODUCTION
The flour beetle Tribolium castaneum has emerged as an
excellent model system for studying segmentation mech-
anisms in insects (Brown et al., 2003; Klingler, 2004).
Tribolium shows a less derived mode of embryogenesis
than Drosophila. Although the patterning of the first seg-
ments also occurs during the syncytial blastoderm stage,
most of the trunk segments are generated through a
growth process under cellular conditions (Tautz, 2004;
Peel et al., 2005). Still, all major segmentation genes that
are known from Drosophila can also be found in Tribolium
and appear to occupy similar positions in the segmenta-
tion-gene hierarchy. Intriguingly, even some enhancer el-
ements of the pair-rule gene hairy appear to be conserved
between Tribolium and Drosophila (Eckert et al., 2004).
This indicates that the evolutionary transition from a cellu-
lar segmentation mode to a syncytial mode did not require
a major recruitment of new genes, although the func-
tional interactions among the genes and the patterningmechanisms may not be the same (Bucher and Klingler,
2004; Cerny et al., 2005).
SeveralDrosophila gap gene homologs have been char-
acterized in detail in Tribolium. These include hunchback,
Kr€uppel, giant, and tailless (Wolff et al., 1995; Schro¨der
et al., 2000; Bucher and Klingler, 2004; Cerny et al.,
2005). Their expression domains relative to each other
are roughly comparable to the ones known from Drosoph-
ila. However, the borders of the expression domains in the
trunk are shifted anteriorly (Bucher and Klingler, 2004).
Thus, parts of the abdominal segments in Tribolium are
not covered by an already known gap gene. Functional
analysis of Kr€uppel and giant in Tribolium has revealed
that their inactivation leads not only to loss of segments
but also to transformations of some of the remaining seg-
ments, which is apparently due to misregulation of Hox
genes (Bucher and Klingler, 2004; Cerny et al., 2005).
We describe here a gene that is expressed in the region
of abdominal segments where no gap gene was known
thus far. We have characterized this gene and found that
it indeed has a function in specifying abdominal segments.
As previously found for Kr€uppel and giant in Tribolium, it
shows a combined segment loss/homeotic transforma-
tion phenotype. The most prominent feature of the home-
otic phenotype is the generation of up to ten pairs of legs.
We have therefore named the gene mille-pattes (mlpt).
Analysis of the crossregulatory interactions shows that
mlpt is involved in the regulation of Kr€uppel and giant
and is itself regulated by them. mlpt therefore has all of
the characteristics of a gap gene. However, in contrast
to all other already known gap genes, it does not code
for a transcription factor. Instead, we find a coding capac-
ity for several peptides, which are conserved among
various mlpt homologs in insects.
RESULTS
mille-pattes Is Expressed in a Segmentation-Gene
Pattern
mille-pattes was initially identified during an EST expres-
sion screen in Tribolium embryos (Savard, 2004), where
it was found to be expressed throughout early embryo-
genesis in several successive patterns reminiscent ofCell 126, 559–569, August 11, 2006 ª2006 Elsevier Inc. 559
Figure 1. mille-pattes Embryonic Expression Pattern
Whole-mount in situ hybridizations depictingmlpt expression at blastoderm stage (A and B), during germband growth (C–F), and after the completion
of segmentation (G–L). In all pictures, anterior is to the left and ventral side is shown, except for (Ab) and (Bb), which are lateral views of (Aa) and (Ba),
respectively. (In these cases, dorsal is up.) Single-stained embryos are hybridized with mlpt RNA only. In double-stained embryos (Cc, Db, Eb, and
Fb), a segmental marker (gooseberry, dark blue) has been used along withmlpt (brown) to determine the exact segmental register ofmlpt expression
domains. In these pictures, the different body regions are indicated below the embryos. The growth zone (Gz) is defined as the region between the
last gooseberry stripe and the caudal end of the embryo. Hd, head; Md, mandibular segment; Gn, gnathal; Th or T, thorax; A, abdomen; Gz, growth
zone.
(A) 8–9 hr after egg laying (AEL) blastoderm-stage embryo.mlpt is expressedas a triangular domain in thedeveloping head lobes. (Aa) is a top view, and
(Ab) is a side view of the same embryo.
(B) 11hrAELprimitive-pit-stage embryo. The embryonic rudiment hascontractedso that the triangular headdomain is now restricted to the ventral side
of the egg. A second domain of expression appears concomitant to the formation of the primitive pit. (Ba) is a top view, and (Bb) is a side view of the
same embryo.560 Cell 126, 559–569, August 11, 2006 ª2006 Elsevier Inc.
gap gene expression (Figure 1). The first expression oc-
curs at blastoderm stage in the developing head lobes
(Figure 1A). At the time of the formation of the primitive
pit, a new domain develops at the posterior end (Fig-
ure 1B). At early germband stage, the head-lobe domain
splits into two stripes (Figure 1Ca), and one of these sub-
sequently fades (Figure 1Cb). The remaining stripe is lo-
cated at the posterior border of the mandibular segment
and persists for some time (Figures 1Cb and 1Da).
To map the exact location of this stripe and the further
domains (see below),weuseddouble stainingwith aprobe
for the segmentation gene gooseberry. We found that
gooseberry stripes develop earlier than the segmental
engrailed stripes (Savard, 2004) and hence are better
suited to map expression domains. Double staining with
engrailed and gooseberry shows that, like in other insects
(including Drosophila), the gooseberry stripes are located
directly anterior to the engrailed stripes (data not shown).
The mlpt persisting head stripe overlaps exactly with the
second segmental stripe of gooseberry, which marks the
posterior border of the mandibular segment (Figure 1Cc)
(note that we do not include the intercalary and ocular
stripes in the count of the gooseberry stripes, since they
appear only late and therefore cannot serve as good
markers).
The posterior domain broadens with germband elonga-
tion (Figure 1Da). Its anterior limit is adjacent to the fifth
gooseberry stripe, corresponding to the second thoracic
segment (Figure 1Db). Its posterior limit is initially less
well defined but becomes progressively detached from
the developing growth zone (Figure 1D). Eventually it
forms a broad domain between the fifth and the tenth
gooseberry stripe, i.e., stretching from the second tho-
racic segment up to the third abdominal segment (Fig-
ure 1E).With further germband elongation, a newposterior
domain is formed (Figure 1Ea), which also becomes de-
tached from the most posterior part (Figure 1Fa). At this
stage, it lies between the 13th and 14th gooseberry stripe
(Figure 1Fb), equivalent to the 7th abdominal segment.
A further complex expression pattern develops after the
completion of segmentation (Figures 1G–1L). At first,
staining is seen in apparently neuronal cells of the periph-
eral nervous system in an anterior-to-posterior progres-sion (Figures 1G–1J). The identity of these cells is unclear,
and some might even be part of the central nervous sys-
tem (Figure 1J). A transient expression also occurs in the
region of the developing joints of the appendages (Figures
1J and 1K). Finally, a dot-like expression appears in each
segment (Figure 1L).
mille-pattes-Depleted Animals Have Additional
Pairs of Legs
Parental RNAi (Bucher et al., 2002) was used to study the
phenotype of mille-pattes knockdown (Figure 2). A fairly
consistent phenotype is observed, although this varies
with the age of the females, thus providing a phenotypic
series. Affected embryos are generally shortened but
show additional pairs of legs. In the most extreme case,
a total of up to ten pairs of legs is seen (Figure 2E). We
interpret this as a transformation of abdominal segments
into the quality of the third thoracic segment (T3) based
on the absence of tracheal pits in most of these extra seg-
ments. In Tribolium, tracheal pits are only formed in T2,
as well as in the abdominal segments (Figure 2A). The
embryo in Figure 2B clearly shows the T2 tracheal pit, as
well as tracheal pits after the last leg-bearing segment.
However, this phenotype is slightly variable: Tracheal
pits are sometimes also seen on segments bearing addi-
tional legs (Figures 2C and 2E).
Apart from the transformation phenotype, some poste-
rior abdominal segments are also missing, i.e., mlpt
embryos do not develop to the same length as wild-type
embryos. The head and thoracic segments appear pheno-
typically more or less normal, although more compact
than the wild-type segments. The same is true for the ap-
pendages. The appendage structures of the 9th and 10th
abdominal segment, the pygopodes and the urogomphi,
are absent. The posterior dorsal parts of the transformed
segments are often fused, and dorsal closure is often
not complete.
Regulation ofmille-pattes through Other Gap Genes
To assess the regulation ofmlpt through other gap genes,
we performed parental RNAi to obtain embryos lacking
the function of the gap genes hunchback, Kr€uppel, or(C) 12hrAELearly germbandembryos. (Ca) and (Cb) embryos slightly differ in age such that theprogressionof theheaddomain intoa singlemandibular
stripe can be seen.
(D) 12–15 hr AEL germband embryos. The head domain is now clearly visible as a single mandibular stripe (Da). While the germband is developing, the
growth zone is being freed ofmlpt expression (Da and Db).
(E) 15–18 hr AEL germband embryos. The second domain ofmlpt expression has well-defined borders (Eb) but begins to fade (Ea). At the same time,
a third domain ofmlpt expression is appearing in the growth zone (Ea and Eb). An expression in head neuronal cells is also detected (Ea). This expres-
sion will increase in intensity later on (at about 24 hr AEL) and persists until late into embryogenesis.
(F) 18–21hrAEL late germbandembryos.Segmentation is almost complete. The thirddomain ofmlptexpression is now restricted to asingle abdominal
segment (Fb).
(G) 21–24 hr AEL embryo. Segmentation is complete and the second abdominal domain has completely vanished. At this point, mlpt begins to be
strongly expressed in neuronal cells located in the head lobes.
(H–K) 24–33 hr AEL (H–J) and 33-39 hr AEL (K) embryos. Neuronal cell expression extends in an anterior-to-posterior fashion and is now also present in
the appendages.
(L) 39–48 hr AEL early dorsal closure embryo. mlpt is expressed in segmental spots along the dorsal borders of the embryo. This pattern will persist
during dorsal closure (not shown).Cell 126, 559–569, August 11, 2006 ª2006 Elsevier Inc. 561
Figure 2. Cuticle Preparations of Wild-
Type and mille-pattes Knockdown
Phenotypes
Pictures from first-instar larval cuticles were
taken with a confocal microscope based on
the autofluorescence of the cuticle. Arrow-
heads point to tracheal pits; only the first
abdominal tracheal pit is labeled in (A). U, uro-
gomphi; P, pygopodes.
(A) Wild-type.
(B–E) Series of increasing phenotypic strength.
All knockdown larvae are much shorter than
the wild-type and show homeotic transforma-
tion of abdominal segments toward thoracic
identity.giant. These embryos were then stained with an mlpt
probe and the gooseberry probe to obtain the segmental
reference (Figure 3). The early blastoderm expression do-562 Cell 126, 559–569, August 11, 2006 ª2006 Elsevier Inc.mains were not significantly altered in any of the three gap
gene knockdowns, and neither was the stripe in the man-
dibular segment (data not shown). However, clear effectsFigure 3. Changes in mille-pattes Expression in Different Gap Gene Knockdown Embryos
Whole-mount double in situ hybridizations with the segmental marker gooseberry (dark blue) and mlpt (brown). For each gap gene knockdown,
embryos of increasing age are presented. gooseberry stripes relevant for the interpretation of the phenotype are labeled (see text).
(A–C) hunchback knockdown. The firstmlpt trunk domain is properly established at the border of gooseberry stripe #5 (A), although segmentation is
disrupted in that region (B). At later stages, segmentation resumes and the second trunk domain is formed (C).
(D–F)Kr€uppel knockdown. The firstmlpt trunk domain appears shifted slightly to the posterior of gooseberry stripe #5 and is very faint (D). This domain
is not properly established and vanishes rapidly (E). The second trunk domain is formed at a later stage (F).
(G–I) giant knockdown. The firstmlpt trunk domain is strongly expressed and is shifted anteriorly by one segment to gooseberry stripe #4 (G and H).
The second trunk domain gets formed later on (I).
Figure 4. Changes in Gap Gene Expression in mille-pattes Knockdown Embryos
Whole-mount double in situ hybridizations with the segmental marker gooseberry and the respective gap genes. For each gap gene knockdown, em-
bryos of increasing age are presented. In the top row, wild-type embryos stained for gooseberry and the respective gap genes are shown. gooseberry
stripes relevant for the interpretation of the phenotype are labeled (see text).
(A–D) hunchback (brown). In wild-type embryos, hunchback is expressed in a domain spanning the head and the gnathal region and in a trunk domain.
The first hunchback domain is properly established inmlpt knockdown embryos (A and B). However, the second domain (arrowhead in wild-type and
in [D]) comes much later than expected (compare [C] and [D] to the wild-type at the top).
(E–H) Kr€uppel (brown). Kr€uppel is expressed in a thoracic domain between gooseberry stripes #4 and #7 in wild-type embryos. In mlpt knockdown
embryos, the anterior border of the Kr€uppel domain is properly established but the posterior border is not (E–G). At a later stage, the secondary
expression pattern of Kr€uppel is formed (H).
(I–L) giant (dark blue). In wild-type embryos, giant is expressed in the head and a trunk domain. In mlpt knockdown embryos, the head domain is
properly established (I and J) but the trunk domain never gets formed (J–L).on the trunk domains of mlpt became apparent during
germband growth.
In hunchback knockdowns, the first trunk domain ap-
pears to form normally, and with the wild-type anterior
border (compare Figure 3A with Figure 1Cc). However,
this domain does not become properly established and
eventually fades (Figures 3B and 3C). Intriguingly, the sec-
ond trunk domain forms at late stages, indicating that
its regulation is independent of the proper progression of
trunk segmentation in these embryos (Figure 3C).
In Kr€uppel knockdowns, the first trunk domain is initially
only weakly visible, with its anterior border being shifted
toward posterior (Figure 3D). At later stages, the domain
is completely lost (Figure 3E). Toward the end of segmen-
tation in Kr RNAi embryos, there is again an indication of
a normal formation of the second trunk domain (Figure 3F).
In giant knockdowns, the first trunk domain is unusually
strongly expressed, and its anterior border is anteriorly
shifted (Figure 3G). Instead of forming after the fifth goose-
berry stripe, it overlaps with the fourth stripe. The strongexpression is retained during further development (Fig-
ures 3H and 3I). The second trunk domain again forms
normally (Figure 3I).
mille-pattes Regulates Other Gap Genes
To establish that mlpt acts at the same level of the seg-
mentation-gene hierarchy as the other gap genes, we as-
sessed the expression of hunchback,Kr€uppel, and giant in
mlpt knockdown embryos (Figure 4).
The anterior hunchback domain is not much affected by
loss of mlpt (Figure 4A). Wolff et al. (1995) have mapped
the border of the anterior hb domain to the border be-
tween the gnathal and thoracic segments. Double staining
with the gooseberry probe shows that the hb border over-
laps with the fifth stripe (Figure 4B)—i.e., in approximately
the same location—in mlpt knockdown embryos. On the
other hand, a clear effect is evident on the formation of
the posterior hb domain. This should already be present
in an embryo of the age shown in Figure 4C (compare
with wild-type expression at top), where it is, however,Cell 126, 559–569, August 11, 2006 ª2006 Elsevier Inc. 563
Figure 5. Sequence of mille-pattes and Conceptual Translation
Part of the genomic sequence of Contig1365 (GenBank accession number AAJJ01000011, positions 271412–272785 in reverse orientation). Capital let-
ters represent themRNA; lowercase letters representupstream, intron,anddownstreamparts. Theextentof themRNAand the intronpositionare inferred
from the cDNA clone used for both in situ hybridization and parental RNAi experiments plus 50RACE experiments (the first 17 nt, in italics). The translated
parts represent the four peptides that are also conserved in other species (compare Figure 6 and Figure S1). The polyadenylation signal is underlined.absent. Still, the posterior domain forms with some delay
at a late stage (Figure 4D).
The effects of mlpt knockdown on Kr€uppel expression
are shown in Figures 4E–4H. Cerny et al. (2005) havemap-
ped the wild-type Kr€uppel domain in Tribolium to the three
thoracic segments, which would correspond to goose-
berry stripes four to seven. The Kr€uppel domain in mlpt
knockdown embryos starts with gooseberry stripe four
(Figure 4E) and extends clearly beyond stripe seven (Fig-
ures 4F and 4G). Thus, mlpt appears to be required for
setting the posterior border of Kr€uppel expression. At later
stages, Kr€uppel shows a weak expression in most seg-
ments in wild-type embryos (Cerny et al., 2005), which is
also apparent in mlpt embryos (Figure 4H).
The clearest effects are seen for giant expression. The
trunk domain of giant is completely absent in mlpt RNAi
embryos (Figures 4I–4L), indicating that mlpt acts as a
direct or indirect activator of this domain.
mille-pattes Produces a Polycistronic RNA
Comparison of the cDNA derived from EST sequences
(see Experimental Procedures) with the draft assembly
of the Tribolium genome sequence allowed us to infer
the gene organization depicted in Figure 5. The exon-in-
tron boundaries are located at canonical splice sites.
Northern blot analysis revealed a single transcript of
approximately 0.75 kb in length. The maximum length of
the predicted transcript as inferred from the cDNA clone
and 50RACE experiments is 598 bp. The estimated length
from the Northern blot thus suggests that it has a poly-A
tail of approximately 150 bp. The poly-A stretch in the
EST sequence is located behind a canonical polyadenyla-
tion signal and is not encoded in the genomic sequence.
Themlpt RNA therefore has all characteristics of a normal564 Cell 126, 559–569, August 11, 2006 ª2006 Elsevier Inc.mRNA, with the exception that only very short AUG-initi-
ated open reading frames exist in it.
The very short peptides found in the mlpt RNA sug-
gested at first that it would belong to the class of mRNA-
like noncoding RNAs (ncRNAs) (Erdmann et al., 1999;
Tupy et al., 2005; Pang et al., 2005). Normal BLAST analy-
sis did not detect any matches in the Drosophila genome.
We thenusedsynteny information to identify apossible ho-
molog of mlpt in Drosophila. In Tribolium, mlpt is located
between two conserved genes homologous to Drosophila
Dipeptidase B (CG9285) and Nup170 (CG6743). These
genes occur in Drosophila at different chromosomal
locations.However, close toDipeptidaseB there is a previ-
ously identified mRNA-like ncRNA, pncr001:3 (Tupy et al.,
2005). Comparison of the coding potential of this RNA
shows that the first five AUG-initiated reading frames
code for peptides very similar to those in mlpt (Figure 6;
see also Figure S1 in the Supplemental Data available
with this article online). Directed searches for these pep-
tides in other insect genomes revealed several more ho-
mologs with the same peptide arrangement (Figure S1).
Most of the peptides have a Kozak consensus sequence
(Kozak, 1987) around their AUG, i.e., are likely to be recog-
nized by the normal translational machinery. This, as well
as the clear conservation pattern, suggests that they are
indeed translated.
The first three peptides in Tribolium are repetitions of
themselves, with the conserved core sequence LDPTG
(Figure 6). The homologs from the three Diptera (including
Drosophila) have a fourth peptide that shows a repetition
of the LDPTG motif. The last peptide in all mlpt homologs
is different from the preceding ones but has also a highly
conserved core that includes four arginine residues (Fig-
ure 6). Reciprocal BLAST analysis among all identified
mlpt homologs failed to reveal any other significant
Figure 6. Alignment of mille-pattes Peptides from Various Insect Species
The peptides are aligned in two groups. The first represents the N-terminal peptides that are repeated; the second represents the C-terminal peptide.
Boldface type indicates conservation throughout the alignment; gray blocks delimit the consensus regions. Note that some of the peptides in the first
block have two LDPTG motifs. Numbering refers to the order in which the respective peptide appears in the transcript. The full sequences with the
conceptual translation are presented in Figure S1. Aa, Aedes aegypti; Bm, Bombyx mori; Dm, Drosophila melanogaster; Ll, Lutzomyia longipalpis; Tc,
Tribolium castaneum.nucleotide or amino acid sequence similarity outside of
these conserved peptides (data not shown).
The AUG of the last peptide in Tribolium overlaps the
stop codon of the preceding peptide. This is also the
AUG that shows no Kozak consensus sequence. How-
ever, the identical arrangement is found in another beetle
(Diaprepes, Figure S1), suggesting that there may be
some kind of translational readthrough or direct reinitiation
in these cases. Other AUGs are also present downstream
of the last conserved peptide inmlpt as well as in the other
insect homologs (Figure S1). However, these potential
translation start sites do not code for peptides that show
signs of conservation. Hence, they are probably not used.
Another Drosophila mRNA Shows a Similar
Polycistronic Arrangement
The polycistronic arrangement with coding capacity for
conserved peptides does not appear to be unique for
mlpt. Among the previously characterized mRNA-like
ncRNAs inDrosophila (Tupy et al., 2005), we found another
transcript with a comparable arrangement, where the re-
spective peptides are highly conserved in D. pseudoobs-
cura and D. willistoni and partially conserved in other
Diptera (Figure 7). Most interestingly, however, the two
peptides are similar to each other, comparable to the
situation inmlpt.DISCUSSION
Peptides are involved in many regulatory and signaling
pathways, although they have not previously been de-
scribed in the context of segmentation. Still, peptides
can regulate developmental processes, which have
been best studied in Hydra (Bosch and Fujisawa, 2001).
However, all of these peptides are processed from larger
precursors via proteolytic cleavage. This is clearly not
the case for mlpt. Each of the peptides has its own initia-
tion and stop codon, although we can not exclude that
they might be further processed after translation.
Themost unique feature of themlpt transcript is its poly-
cistronic organization. Although internal translational initi-
ation is a hallmark of prokaryotic operons, transcription
of multiple genes from a single promoter is not entirely
unknown in eukaryotes (Blumenthal, 2004). However, in
most cases, such transcripts are then further processed
to yield mRNAs with single open reading frames (Blumen-
thal, 2004). Still, a few dicistronic transcripts are known
from Drosophila, where translational initiation appears to
occur via an internal ribosomal entry site (IRES) (Andrews
et al., 1996; Brogna and Ashburner, 1997). A gene in-
volved in root nodule organogenesis in plants has also
been shown to code for two peptides, but these are trans-
lated from overlapping reading frames (Ro¨hrig et al.,
2002). In eukaryotic viruses, translation often occurs viaCell 126, 559–569, August 11, 2006 ª2006 Elsevier Inc. 565
Figure 7. A Second Polycistronic Gene with Repeated Peptides
The sequence depicts D. melanogaster cDNA of pncr003:2L (accession number AY071248; the 30UTR is not shown). The translated parts are pep-
tides that are conserved in theD. pseudoobscura andD. willistoni homologs of the gene (inferred from the respective genomic sequence contigs). The
alignments of the respective peptides are shown below; dashes denote identical residues. Three other EST sequences were found in the database
that showed only a single similar peptide (here aligned with the second). The first is from the tsetse fly Glossina (accession number BX549742); the
second is from themosquitoAedes (accession number DW990532); and the third is from a plant (Populus, accession number DT479155), but thismay
be a contamination from an associated insect. mel, Drosophila melanogaster; pse, Drosophila pseudoobscura; wil, Drosophila willistoni; Glos,
Glossina morsitans; Aede, Aedes aegypti; Popu, Populus trichocarpa.IRES elements and mRNAs are often polycistronic (Rya-
bova et al., 2002). Thus, the eukaryotic translationmachin-
ery can deal with polycistronic transcripts in principle.
The mlpt RNA would normally have been classified as
mRNA-like ncRNA because it was thus far not expected
that short open reading frames might be translated. How-
ever, given that the peptide coding regions are conserved
over large evolutionary distances (>250 million years), it
seems necessary to revise this view. In addition, not only
does mlpt RNA show this coding potential for peptides,
so does another RNA that has previously been considered
to be noncoding. Accordingly, it seems that there might
be a whole class of RNAs that may be called ‘‘polycis-
tronic peptide coding RNAs’’ (‘‘ppcRNAs’’). A special hall-
mark of these appears to be the repetition of the first pep-
tide, a feature that may also help to identify more of these
RNAs in the current genome sequences. It remains to be
seen how widespread the phenomenon of ppcRNAs is,
but it is already clear that they occur at least in a wide
range of insects.
mille-pattes Is a Gap Gene
Gap genes constitute the first step in the zygotic segmen-
tation-gene hierarchy in Drosophila (N€usslein-Volhard and
Wieschaus, 1980). They were originally defined via their
mutant phenotype, which shows loss of a group of adja-
cent segments. Molecular analysis has since shown that
they code for transcription factors that are directly involved566 Cell 126, 559–569, August 11, 2006 ª2006 Elsevier Inc.in regulating other segmentation genes (H€ulskamp and
Tautz, 1991). They are themselves regulated by themater-
nal genes, aswell as by crossregulation among eachother.
Gap genes act via the formation of short-range gradients
at the syncytial blastoderm stage in Drosophila and pro-
vide positional information through a combinatorial input
into specific enhancer elements of pair-rule genes (Pan-
kratz and Ja¨ckle, 1990). In addition, they can be directly
involved in regulating Hox gene expression.
It is as yet unclear whether gap genes have the same
functions in Tribolium. Because the abdominal segments
do not form under syncytial conditions as in Drosophila,
one cannot expect that diffusion-controlled gradients are
generated that would directly regulate the respective
target genes. The loss of function of Kr€uppel and giant in
Tribolium leads to rather different phenotypic effects
than in Drosophila. First, not only the segments that lie in
the respective expression domain but also all of the more
posterior segments are affected, indicating an anterior-
to-posterior progression effect in segment generation
(Bucher and Klingler, 2004; Cerny et al., 2005). In addition,
for both genes, there are also transformations of segment
quality causedbymisregulation of Hox genes. In the Tribo-
lium jaws mutant (loss of Kr€uppel), the thoracic segments
and the first abdominal segment are transformed into
gnathal segments (Cerny et al., 2005). giant knockdown
embryos exhibit a transformation of gnathal segments
into thoracic quality, in addition to a loss of abdominal
segments (Bucher and Klingler, 2004). Based on the ob-
servations from these two genes, one can define a gap
gene in Tribolium as a gene that shows early contiguous
expression domains and whose loss leads to a loss of
adjacent segments and the transformation of segments.
Using these three characteristics, mlpt is clearly a gap
gene. It is expressed in a contiguous abdominal domain,
between the second thoracic and third abdominal seg-
ment. This is also the region that is primarily affected by
loss of function of mlpt, and this is where segment trans-
formations into segments of the quality of the third tho-
racic segment are seen. As with Kr€uppel and giant, the
segments lying beyond the expression domain are also
affected, either by transformation or by partial loss.
The analysis of the crossregulatory interactions with the
other gap genes proves in addition that mlpt acts at the
same level as the other gap genes and not at a subsequent
stage. However, the interactions that we show here are
not necessarily all direct. We are currently in the process
of analyzing the interactions among the canonical gap
genes in Tribolium, and it is already clear that there are,
for example, interactions between giant and Kr€uppel.
Thus, ifmlpt affects one of them, the other would automat-
ically also be affected.
mille-pattes Function
The mode of action of the mlpt peptides remains entirely
speculative at present. It has so far been a major problem
to understand how the transcription factors of the gap
genes can interact with each other in the cellular environ-
ment of a short-germ embryo (H€ulskamp and Tautz, 1991;
Tautz, 2004; Peel et al., 2005). In contrast to plants, there
is currently no evidence for transport of transcription fac-
tors into neighboring cells in animals. On the other hand,
various peptides have been found that can apparently
cross cell membranes (Lindgren et al., 2000). This makes
themparticularly interesting as vectors for pharmaceutical
drug delivery, although it is still unclear whether specific
cellular pathways are involved in the internalization of
such peptides (El-Andaloussi et al., 2005).We note that ar-
ginine-rich peptides are a special class among these
known cell-penetrating peptides (Melikov and Cherno-
mordik, 2005). The C-terminal peptide in mlpt is arginine
rich and has a conserved core of four arginines in a row.
One could therefore speculate that it may be involved in
some form of transport of cargo molecules across the
cell membranes, although this would require that it be-
come linked to the respective molecules. A covalent link
between peptides and an enzyme was shown to occur
for the ENOD40 peptides from soybean, but it is still un-
clearwhether this has a role in the regulation of the enzyme
activity or in directing the enzyme to specific intracellular
sites (Ro¨hrig et al., 2002).
Given that expression of mlpt is not restricted to the
blastoderm stage and the developing germband but oc-
curs also at later stages and in various tissues, it would
seem possible that it has a role in multiple contexts. The
fact that the appendages are shortened in the mostextreme phenotypes suggests that it also has a functional
role in appendage formation. In Drosophila, mlpt is ex-
pressed in a series of stripes that are reminiscent of
pair-rule patterning, although different stripes appear at
different times andwith different strengths (see expression
pattern of LD11162 on http://www.fruitfly.org/). Thus,
these blastoderm-stage domains are not directly compa-
rable to the domains seen in Tribolium, but this is not unex-
pected given the different mode of development. If the
segmentation function of mlpt is crucial in a cellular con-
text, one would not expect to see it expressed in a similar
way in the abdomen of Drosophila since this part of seg-
mentation occurs in a syncytial mode. The more anterior
expression domains that are seen in both Tribolium and
Drosophila may well be homologous. We have cloned an
mlpt homolog from another Tribolium species (T. confu-
sum) and found that its expression is the same as in T. cas-
taneum (data not shown). Hence, at least over shorter
evolutionary distances, theexpressionpattern in theabdo-
men is conserved.
Conclusion
The gap segmentation gene mille-pattes from Tribolium
appears to be the prototype of a novel type of gene orga-
nization that points to a special role of peptides in the
patterning of the embryo. Although the detailed mode of
action of these peptides will have to be further studied, it
is already clear that they constitute an important part of
the cellular and developmental machinery. It remains to
be seen howmany other genes code for comparable pep-
tide arrangements.
EXPERIMENTAL PROCEDURES
Accession Numbers and Homologs
The Tribolium castaneum mlpt clone was first submitted as two me-
dium-quality draft sequences from an EST project (clone Tc006A12:
CB335374 and CB335375). The sequence presented in Figure 5 is a
composite of the cDNA sequence; the genomic contig (AAJJ01000011,
Contig1365); and 50RACE experiments, which yielded the first 17 nt
that are annotated as being transcribed in Figure 5.
Homologs were identified by using TBLASTN (Altschul et al., 1997)
with the individual peptides as query sequences under the most per-
missive conditions (low-complexity filter inactivated, PAM30 matrix,
word size 2, expect value 1000). EST sequences showing a hit were
then carefully analyzed for further conservation patterns by comparing
all possible AUG-initiated reading frames longer than 7 amino acids.
The GenBank accession numbers for the othermlpt homologs are: Di-
aprepes abbreviatus: CN472768; Bombyx mori: CK516640 AU004922
BP114913 BP116298; Aedes aegypti: DW994567 DV393520
DW992133 DV277691 DW221992 DW209562 DW209507 DW192400
DW192296 DW199447 DW214923 DW214677 DW219162 DW192097
DW993516 DW209183 DW218550 DW220587 DW203482 DV282990
DW992359 DW200129 DW210335 DV282954; Lutzomyia longipalpis:
AM108347; Drosophila melanogaster: AY070879.
Partial matcheswith some of themlpt peptides were found in several
other insect species, including, e.g., Locusta (GenBank accession
number CO856823), Aphis (DR396643), Homalodisca (CO641298),
and the pea aphid (CV829880). However, it is still unclear whether
these ESTs are incomplete or whether they represent a different family
of related genes.Cell 126, 559–569, August 11, 2006 ª2006 Elsevier Inc. 567
Rearing and Embryo Staging
Tribolium castaneum strain San Bernardino beetles were reared on
white flour supplemented with brewer’s yeast at 30C. Young wild-
type embryos aged 0–12 hr after egg laying (AEL) were staged accord-
ing to Handel et al. (2000). Older embryos (>12 hr AEL) were staged for
comparison with a series of embryos fixed at 3 hr AEL intervals and
stained with fuchsin.
Expression Analysis
Whole-mount in situ hybridizations were performed as previously
described (Tautz and Pfeifle, 1989; Lehmann and Tautz, 1994). Digox-
igenin- or fluorescein-labeled probes were detected using alkaline
phosphatase-coupled antibodies and INT/BCIP (red) or NBT/BCIP
(blue) substrates. The clone Tc006A12, which includes the full-length
mRNA sequence displayed in Figure 5 minus the first 17 nucleotides,
was used for both in situ hybridization and parental RNAi experiments.
Parental RNA Interference
Parental RNAi was performed as described in Bucher et al. (2002).
Double-stranded RNA was injected into pupae at a concentration of
2 mg/ml. We found this concentration ideal to obtain maximum pene-
trance for most genes. Hatched females were mated with wild-type
males and reared under standard conditions (see above). Knockdown
embryos were collected every second day, and one collection per
week was kept at 30C to monitor RNAi penetrance at the cuticular
level. The collections were performed until the phenotypic effect had
decreased significantly. Embryos for in situ hybridizations were taken
from females showing a very high penetrance as judged by the parallel
analysis of cuticle phenotypes.
Cuticular Preparation and Confocal Imaging
First-instar larvae were digested overnight in lactic acid/10% ethanol
at 70C and mounted in Hoyer’s medium. Cuticular autofluorescence
in a range of 520–660 nm was detected on a Leica confocal micro-
scope, and maximum projection images were created from Z stacks
composed of 50 layers scanned four times each.
Supplemental Data
Supplemental Data include one figure and can be foundwith this article
online at http://www.cell.com/cgi/content/full/126/3/559/DC1/.
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